Rare soft tissue preservation of the skin of an ichthyosaur which includes ¢brous structures is redescribed. The redescription and reinterpretation of the Lower Lias ichthyosaur specimen GLAHM V1180a given here shows two superimposed layers of ¢bres extending in opposite directions at angles of ca. 358 to the animal's long axis. This new data contributes to our understanding of the integument of ichthyosaurs, i.e. its strength and possible smoothness. Such information may be signi¢cant in interpretations of ichthyosaur locomotion.
INTRODUCTION
The skin forms the outermost covering of most vertebrates and is the ¢rst line of protection or shield from mechanical force and environmental stresses for the underlying tissues (Vincent et al. 1991) . Thick collagenous tissues in the dermis possess mechanical properties suited to the function of protection. In addition, the collagenous ¢bres in a number of marine animals provide the potential for minimizing surface deformation. This is of particular signi¢cance in the reduction of frictional drag during swimming (Fish & Hui 1991; Fish 1993) . Although there are a number of ichthyosaur specimens with fossilized soft tissues, notably from the Lower Jurassic Posidonia Shale of Southern Germany, so-called skin preservation is in fact often decayed and transformed soft tissue. This material may outline the body as a black ¢lm (Wild 1990; Martill 1993) . While such specimens provide valuable information on the hydrodynamic body and tail shapes of ichthyosaurs, e.g. Stenopterygius, information on actual skin structures is rare (e.g. Martill 1995; LinghamSoliar & Reif 1998) . Thus, an earlier description (Delair 1966) of structures preserved in a layer of the skin of an ichthyosaur (Stenopterygius) is considered important.
Specimen GLAHM (University of Glasgow, Hunterian Museum) V1180a came from the Lower Lias of the Severn Valley in Gloucestershire. Since Stenopterygius is at present reported only from the Toarcian, the specimen (di¡ering from Stenopterygius in, for example, tooth morphology) is probably the Lower Lias species Ichthyosaurus (see McGowan 1973) . This is the ¢rst record of skin with ¢bres in a Lower Lias ichthyosaur. Delair (1966) described the ¢brous elements in GLAHM V1180a as consisting of`thread-like strands' in an area of preserved skin on the surangular. Here I present a redescription with new interpretations which shed important light on the outer integument of ichthyosaurs and its possible signi¢cance in the e¤ciency of high velocity swimming.
MATERIAL
Specimen GLAHM V1180a lies within a mudstone nodule and consists of a partially preserved head which lacks the anterior extremities of the jaws and parts of the posterior lower jaw and posterior skull. The skull is ca. 40 cm long and the entire length of the animal is estimated at ca. 180 cm (head to body ratio of ca. 1:4.5). The head has been split vertically in the nodule in the region of the right sclerotic ring to produce two parts, specimens GLAHM V1180a and the less well-preservedp repared GLAHM V1180b. Figure 1 shows the internal (medial) view of the right side of the skull of GLAHM V1180a. The external (lateral) right side of the skull lies against the matrix. The counterpart nodule, specimen GLAHM V1180b, essentially contains the left side of the skull. As it split from GLAHM V1180a it removed a fragment of the right surangular and dentary, thereby exposing the preserved soft tissue from its external surfaces against the rock matrix (GLAHM V1180a, ¢gures 1 and 2). It is important to note that the ¢bres described here lie on the rock matrix. Although GLAHM 1180b is poorly preserved (not shown), traces of ¢bres are visible on the external (lateral) surfaces of parts of the surangular and dentary (corresponding to the areas of exposed ¢bres on the matrix). Thus, there is no doubt that the tissues are connected with the external (lateral) covering of these bones.
Unfortunately, because of the small quantity of the preserved soft tissue in GLAHM V1180a and the fact that sample preparation for scanning electron microscopy requires fragmentation of large specimens to produce stub-sized samples (Allison 1988a) , it was not possible to analyse the chemical composition of the material from such a prized specimen. However, a reasonable guess can be made as to the nature of the transformation of the original biomolecules of the preserved tissue. The preservation of more volatile structures, e.g. muscle ¢bres, requires exceedingly rapid mineralization and, as a result, is frequently restricted to phosphatic transformation (Allison 1988b) or clay templating (Gabbott 1998) . The bu¡-whitish colour of the preserved soft tissue in GLAHM V1180a is consistent with replacement by calcium phosphate. Such mineralization is known in ichthyosaur specimens from both the Lower Lias of England and the Posidonia Shale of Germany (Martill 1993; Lingham-Soliar & Reif 1998) . Delair's (1966) description referred to only one layer of ¢bres. The present study proposes that there are two (a layer of apparently thick strands which Delair (1966) described and a layer of thin ¢bres in his`intervals' which he made no reference to). An outline of Delair's (1966) description is therefore given so as to distinguish clearly which of the two layers of ¢bres it is that is being referred to. Note that, in Delair's (1966) ¢gure 3, his Â2 is incorrect and should be Â6 (cf. the natural size in his ¢gure 2). Delair (1966) described the ¢brous elements of the skin overlying the surangular (preserved on the rock matrix) as consisting of`separate ¢ne thread-like strands of organic matter arranged in more or less parallel rows' (p. 576a) in a gently downward curving course (see ¢g. 2, Delair 1966); each strand is a continuous unit. Their density`per centimetre varies between four and ¢ve strands' (Delair 1966, p. 576a) . These parallel ¢bres occur in approximately parallel groups according to Delair (1966) , and each group is separated by`small intervals of irregular but predominantly elongate shape' (p. 576b, ¢gs 2 and 3).
DESCRIPTION OF THE SOFT TISSUES
We need to be certain as to which of the two types of ¢bres it is that Delair (1966) referred to. This can be resolved fairly simply. Fig. 3 in Delair (1966) shows what are apparently his thick whitish`¢bres' and the thinner ¢bres that lie below them. These thick whitish ¢bres are almost exactly 4^5 ¢bres cm 71 as Delair (1966, p. 576, ¢g. 3) stated; long arrow in ¢gure 2a points to one of Delair's (1966) ¢bres. Thus, there can be no doubt that these are Delair's (1966) ¢bres. The areas below and between these thick ¢bres were dismissed by Delair (1966) as`small intervals' without reference to the ¢ne ¢bres (my second layer).
There are two important objectives of the present study: (i) to show that the ¢bres that Delair (1966) described are in fact not ¢bres at all but elongated strips of tissue, and (ii) to show from the surangular area and dentary that the preserved tissue of GLAHM V1180a consists of two superimposed layers of ¢brous structures and not one as Delair (1966) inferred. These are layers 1 (incorporating Delair's (1966) ¢bres) and 2 (consisting of the ¢ne ¢bres lying below layer 1, i.e. the outermost layer; ¢gure 2a,b).
(a) Layer 1
This layer is in closest contact with the surangular and dentary bones and contains the ¢bres identi¢ed by Delair (1966) . Close examination shows that what Delair (1966) described as`separate, ¢ne, thread-like strands' (p. 576a) are actually elongated strips of tissue. These strips vary in length and width. Under higher magni¢cation (ca. Â5.5) they are seen to be comprised of`stubs' (i.e. degraded ¢bre remnants varying between 0.5 and 2.0 mm long) of compactly arranged ¢bres that extend diagonally to the length of the preserved strips of tissue (marked by arrows in ¢gure 2a). In certain areas the ¢bres can be seen to extend even further than the narrow bands of tissue they are normally con¢ned to (e.g. the small arrows show a few in ¢gure 2a). There are ca. 40^45 stubs cm
71
. Their thickness is measured as being ca. 0.1mm (this can only be a rough estimate since it is not known how much erosion or, conversely, swelling the ¢bres have been subjected to). The roughly parallel strips of tissue extend at an angle of ca. 408 to the long axis of the lower jaw.
Although it is di¤cult to measure the angles of the short stubs of ¢bres in these narrow strips of tissue, in places where they extend a little further they are seen to extend ca. 25^308 in a posterodorsal^anteroventral orientation.
The elongated strips of tissue overlie a second layer of ¢ne thread-like ¢bres within Delair's (1966) small intervals, which are identi¢ed here as layer 2. 
(b) Layer 2
This is the outermost of the two layers, and lies furthest from the bone and directly upon the rock matrix. It consists of compactly aligned ¢bres with a density of 40^45 strands cm
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. The ¢bres' thickness (ca. 0.1mm), density and colour are similar to those of the ¢bre stubs in the overlying layer 1. These ¢bres extend at angles of ca. 30^368 to the long axis of the lower jaw, but in the opposite direction to those of the overlying layer, i.e. in an anterodorsal^posteroventral orientation. At the upper margins of the preserved area of tissue, particularly on the most anterior part of the surangular (¢gure 2b) and dentary area, the ¢bres curve to follow the longitudinal axis of the lower jaw. This curvature of the ¢bres is less marked in the preserved skin near the posterior part of the surangular (¢gure 2a).
The curvature of the ¢bres, particularly in the area of the dentary where they follow a near horizontal direction, may be a taphonomic artefact produced by vertical squashing of the skin during the taphonomy of the animal and the skin (¢gure 2a,b). However, it is more likely that it is a primary feature of the integument and represents the natural orientation of the ¢bres over the dentary. Because of the ichthyosaur's gape the ¢bres would either have to have stopped at the edges of the dentary and anterior surangular or to have curved to follow the longitudinal axis of the jaw (¢gure 2c). The interception of ¢bres or strong curvature is known in Recent animals. In sharks, for instance (Motta 1977) , the helical path of the ¢bres is interrupted where they intercept the ¢ns. They also stop short of the edges of the caudal ¢n. Hebrank & Hebrank (1986) noted that, in tuna, in some cases the helical ¢bres of the ¢n may curve as they suddenly change pitch near the dorsal and ventral midlines. In the cetacean Delphinus delphis the thick vertical ¢bres of the dorsal ¢n (important in sti¡ening the ¢n since there is no skeletal support) curve strongly towards the horizontal along the posterior edge and tip of the ¢n (Burne 1952, p. 9 and ¢g. 3A) .
Despite the poor preservation of layer 1, it seems unlikely that there was any interweaving of ¢bres between the two layers because of the close spacing of the ¢bres. In sharks interweaving of crossover ¢brils (from one layer to another) occurs in some layers of ¢bres but not in others (Motta 1977) .
It is easy to see why Delair (1966) interpreted the elongated patches of tissue as individual ¢bres because of their regular orientation in near parallel rows (Delair 1966, ¢g. 2) . However, the very ¢ne, dense ¢bres lying below are apparent even in his ¢g. 3 and are a signi¢cant omission.
DISCUSSION
(a) The e¡ects of the taphonomic processes on ¢bre preservation in GLAHM V1180a
Numerous critical conditions are required for the fossilization of soft tissues (e.g. Allison & Briggs 1991; Martill 1993 ) and the preservation of one type of organic material rather than another may sometimes even appear incongruous. In GLAHM V1180a, preservation of the ¢bres apparently occurred when parts of the skin were in contact with the (mud) matrix during the animal's taphonomy (note that strands of ¢bres were also preserved on the rock matrix in Stenopterygius SMF (Senckenberg Museum, Frankfurt) 457; see below). Such preservation of the outermost layer of the skin compared to deeper layers may appear incongruous. The sediment is frequently a good source of bacteria and electron donors for decomposition. Aerobic respiration of organic carbon is commonly considered to be a more rapid means of biodegradation than anaerobic decay. Nevertheless, a number of conditions may slow down microbial decomposition in the sediment, e.g. a tough, waterproof skin, anoxia (equivocal, but it may promote soft part mineralization; Allison & Briggs 1991) , protection from scavengers and high or low pH. In a classic study on the decomposition of thousands of large vertebrate carcasses, Weigelt (1989) showed that, in many animals drowned and partially buried during £oods, the skin was preserved intact and that decomposition proceeded from within the animals. In actualistic experiments, Allison (1988b) showed that anaerobic decay of soft bodied and highly skeletized organisms can be extremely rapid. Apart from the gut, the mouth cavity and the teeth are a good source of bacteria and may facilitate bacterial decomposition from within the skull (see Halstead (1974) for bacterial decay of the teeth and skull in Homo rhodesiensis) with the skin furthest away probably the last to su¡er. Interestingly, of the two layers in GLAHM V1180a, the innermost (layer 1) is degraded most.
The peculiar preservation of the nearly parallel strips of strand-like tissue in layer 1 in GLAHM V1180a is puzzling. A possible explanation is that the strips may have resulted from post-mortem creasing of the skin (see Buckland 1836; Martill 1987) . Wrinkling of the skin produces`peaks' and`troughs' (¢gure 3b). The patches of preserved tissue (layer 1) in GLAHM V1180a represent the troughs, i.e. areas su¡ering the least`degradation' or damage (¢gure 3a,b). The greatest degradation on the peaks would have exposed the underlying layer. How did this`erosion' occur ? Mechanical abrasion of the peaks by, for example, sediment either soon after death or after fossilization seems improbable since the creased layer (layer 1) lies innermost (in terms of the animal), i.e. within layer 2 (outermost) which shows no signs of creasing or folding. A possible explanation for the degradation is that the peaks of fossilized tissue were destroyed or removed (or both) during splitting of the nodule. Some of this tissue may represent the poorly preserved ¢bres in the counterpart nodule GLAHM V1180b. A more complex explanation is that the peaks of the creased internal layer of the animal (layer 1) were in closest contact with the decomposing tissue (assuming that decomposition proceeded from within the mouth cavity; see ¢gure 3b). Hence, degradation would have started on the peaks just prior to being halted by mineralization. This left patches of tissue in the troughs of the wrinkled layer in near parallel rows (consistent with creasing in a layer that loses its tension).
However, an alternative proposal (anonymous referee) is that the elongated patches or strips were pervasive and were overlain (as preserved on the rock) by the wellpreserved, ¢ne strands (layer 2). According to this view the apparent patches are the only parts of the underlying tissue (layer 1) that can be viewed through tears (`windows') in layer 2. While this must remain a possibility there are reservations. First, this would place layer 2 above layer 1 (as preserved). Thus, the thin ¢bres of layer 2 would lie internal (in terms of the animal) to the`pervasive' layer 1. Hence, it would be di¤cult to explain internal tears. Admittedly a few strips of tissue (layer 1) show slight distortion or anastomosing of the ¢bres around them. This may have occurred during the decay of layer 1 as it contracted and pulled on layer 2 in the initial creasing or, very probably, during pressing of layer 2 against the strips of tissue. Furthermore, the darker appearance of layer 2 is a good indication as to its relative position. The apparent blackness results from the whitish ¢bres (layer 2), with less skin tissue preserved between them in places, lying on the dark rock matrix (the latter perhaps covered by a black ¢lm). Where these ¢bres are better preserved (¢gure 2a, semicircled and bottom right), obscuring the matrix, the colour is similar to that of the strips. Layer 1 also appears lighter because it lies against ¢bres rather than the dark matrix. It is also noteworthy that there are areas in which longer than usual strands of ¢bres extend from the patches or strips of tissue (layer 1, arrows) which do not suggest a window (¢gure 2a). In my view it is unlikely that layer 2 was above layer 1 with windows to the latter.
The possible reasons for creasing or folding of the skin are manifold. In addition to collagen, elastin ¢bres arranged within a collagen framework are present in skin. Veronda & Westman (1970) showed that the resting strain of cat skin corresponds to an extension of l 1.25, well within the low modulus, elastin-dominated region as seen in the curve in their graph (their ¢g. 4.12). This apparent pre-stressing means that the skin is continually under tension and that the ¢bres are laid down while under tension. The ¢bres will remain £at as long as they are under tension, but will fold when the tension is removed (Wainwright et al. 1976) . It seems reasonable to infer from such studies that creasing may occur with postmortem damage to the skin and be preserved in fossils such as GLAHM V1180a.
It is interesting that only layer 1 of the two closely associated layers of the skin had creased. This may give some idea of the way in which at least some of the layers of ¢bres were arranged in ichthyosaurs. For instance, in the earthworm, the collagen ¢bres show a crossed laminar pattern (Vincent et al. 1991) , i.e. overlapping of the ¢bres of the di¡erent layers which makes creasing of individual layers less likely. In contrast, in GLAHM V1180a the absence of cross-laminated ¢bres may account for the creasing of layer 1 without it a¡ecting layer 2. In sharks, Motta (1977) similarly found that, in the skin, crossover ¢bres were absent in a number of layers of ¢bres but present in some layers. In the latter case the ¢bres were more di¤cult to tease apart. The freedom allowing the sliding of the ¢bres of one layer over another may have some functional advantage, e.g. coping with varying stresses on the skin during locomotion. For instance, during tensile testing in Carcharias laticaudas the ¢bres of adjacent lamellae were found to slide past one another to orient towards the stress axis (Naresh et al. 1997).
(b) Skin ¢bre orientations
Fibre systems in skin often comprise a random threedimensional feltwork (Wainwright et al. 1976) . Although preferred directions of extension may occur in di¡erent parts of the body, in many cases the ¢bres are organized in distinct layers in opposing directions. In living reptiles, masses of collagenous ¢bres are present in the skin in the corium of the dermis (Harris 1963, ¢g. 6) , less densely packed than in GLAHM V1180a and with a generally random orientation. However, the absence of any great similarity between the arrangement of ¢bres in living reptiles and that of icthyosaurs may not be particularly relevant when considering the ubiquitous nature and patterns of collagenous ¢bres in the skin of various animals. Rather, function appears to be the dominant factor in determining ¢bre orientation and distribution. Consequently, the ¢bre arrangement in the ichthyosaur GLAHM V1180a is considered from a functional perspective, principally with respect to the marine environment, namely in protection and/or locomotion.
Perhaps the closest analogy of a meshwork of ¢bres is in the helically wound ¢bres in sharks. In sharks the ¢bres are wound round the animal's body in alternating layers describing right-and left-handed helices and forming a special meshwork. Because of insu¤cient preservation and the area in which the ¢bres occur in GLAHM V1180a, namely the posterior lower jaws, it is not possible to say whether or not the ¢bres were helically arranged in icthyosaurs although the condition cannot be precluded. For the present, the ¢bres are simply considered as forming an orthogonal net (in this respect similar to, for example, those in sharks and tuna).
The lower angle of ¢bre orientation in GLAHM V1180a compared, for example, to that in sharks (e.g. Motta 1977; Wainwright et al. 1978) may have resulted from poor preservation or may vary depending on the particular location of the ¢bres in the body (cf. ca. 608 in the central area of the body in SMF 457; see below) as in sharks (e.g. Motta 1977 ) and tuna (Hebrank & Hebrank 1986) .
D. M. Martill (referee's report) questioned the`crossply' orientation of the ¢bres based on his view that, unlike layer 1, layer 2 is preserved as black ¢bres. He therefore proposed two preservational types representing, for example, skin and muscle. However, we have already seen above that there are no fundamental di¡erences in the preservational types in the two layers. Besides, the ¢bre thickness and density of layers 1 and 2 are so similar that it would seem too much of a coincidence for them to represent two di¡erent tissue types such as muscle and skin.
That the ¢bres are collagenous can reasonably be conjectured by analogyöthe orthogonal meshwork is similar to that of sharks and tuna where they are collagenous. The ¢bres are also identical in SMF 457 where they are certainly part of the integument (Lingham-Soliar 2000) and not the muscles.
(c) Comparison with preserved ¢bres in other marine vertebrates and other ichthyosaurs
Fibres preserved in the integuments of other ichthyosaurs have been mentioned by Broili (1942) and Wiman (1946) , i.e. Stenopterygius specimens SMF 457 and PMU (Paleontological Museum, Uppsala) 435, respectively. The ¢bres described in both these specimens are very thick at ca. 0.5 mm (4^5 strands cm ), the latter virtually identical to those of GLAHM V1180a. The preservation of the ¢ne ¢bres of SMF 457 (ca. 0.1mm thick) is restricted to a very small area on the mid-dorsolateral surface. Thus, the preservation of ¢bres in a relatively large area in GLAHM V1180a and in two superimposed layers showing an orthogonal meshwork in ichthyosaurs for the ¢rst time emphasize the signi¢cance of this specimen.
The discovery of such closely similar skin ¢bres in GLAHM V1180a and SMF 457 in very di¡erent parts of the ichthyosaur body suggests that these ¢ne ¢bres (ca. 0.1mm thick) may have been associated with virtually the entire surface of the animal (Lingham-Soliar 2000).
The ¢bres described in GLAHM V1180a represent the thinnest (ca. 0.10 mm) so far observed in an ichthyosaur (equal to that of SMF 457) and belong to the outermost layer judging by the layers of di¡erent ¢bre types observed in SMF 457. How does the ¢bre thickness compare with those of other aquatic vertebrates? In the teleost, the Norfolk spot (Leiostomas xanthurus, ca. 20 cm long and skin thickness 0.220^0.300 mm), the ¢bre thickness ranges from 0.004 to 0.01mm while in skipjack tuna (Katsuwonus pelamis, ca. 50 cm long and skin thickness 0.280^0.350 mm) it is between 0.02 and 0.08 mm thick (Hebrank & Hebrank 1986) . Naresh et al. (1997) showed that, in adults of the shark C. laticaudas (size of animal not known), the ¢bre thickness ranges from 0.049 to 0.075 mm. However, to my knowledge, the thickest ¢bres recorded in extant aquatic vertebrates are found in the Brazilian cat¢sh (Pseudoplatystoma fasciatum, ca. 55 cm long and skin thickness 0.6 mm; Junqueira et al. 1983) which range between ca. 0.06 and 0.09 mm (calculated from the authors' ¢gures). The ¢bre thickness and plaiting have produced a very strong skin, so much so that Junqueira et al. (1983) recommended it to the leather industry. The thickest ¢bres so far recorded in aquatic vertebrates match the ¢nest ¢bres in GLAHM V1180a and SMF 457. Add to this the thick ¢bres of ichthyosaurs, e.g. SMF 457 and we have an animal with a highly developed and strong ¢brous structure of the outer integument.
(d) Functional signi¢cance of ¢bre orientation
The helical ¢bre systems in the skins of many animals have been discussed in a number of studies (Wainwright et al. 1976 (Wainwright et al. , 1978 Motta 1977; Alexander 1987; Vincent 1990 ) and the principles of an orthogonal or lattice web were excellently discussed by Gordon (1978, pp. 250^253) . Among vertebrates such as sharks, one function of an orthogonal arrangement of the ¢bres is thought to be the stabilization of the straight position of the animal (Alexander 1987) . The lattice arrangement of the ¢bres also a¡ords the extensibility necessary for tight bends of the animal without compression of the tube-like body. During contraction of the muscles on one side they shorten and increase in cross-sectional area and girth. The changes in ¢bre angle imposed by the muscle causes the skin to remain taut in containing the muscle volume and avoid wrinkling or loss of tension on the concave side of the ¢sh (Wainwright et al. 1978) . In notable examples such as dolphins (Fish & Hui 1991; Fish 1993 ) and tuna (Hebrank & Hebrank 1986 ) the smooth body surface is considered to aid in the general streamlining properties that counteract £uid drag.
Because of the restricted areas of preservation in all mentioned ichthyosaur specimens with ¢bres, there is no evidence that the ¢bres were helically wound. An alternative possibility is that they may have been attached at the dorsal surface of the animal to horizontal strands as, for example, in SMF 457 (¢bres of intermediate thickness of 0.2 mm) (Lingham-Soliar 2000) . Motta (1977) also noted that not all ¢bres in sharks were helically wound but that there was a dorsal attachment for some. This is thought to be the means of attachment in cetaceans (Gambarian & Sukhanov 1986) . Whatever the attachment of the thin ¢bres in GLAHM V1180a, it is reasonable to conclude that dense layers of apparently pre-stressed, orthogonally arranged ¢bres would have helped contain the muscle volume changes in ichthyosaurs and prevented wrinkling of the skin, comparable to the role in tuna and sharks where they maintain a smooth and sti¡ hydrodynamic surface. An especially tough skin would also have performed a protective function (emphasized in addition by the layers of thicker ¢bres in SMF 457 and PMU R435 mentioned above). However, it would be premature to consider the skin of Stenopterygius as an external tendon as in sharks (Wainwright et al. 1978) . This is the ¢rst record of ¢bres in the head of an ichthyosaur. Their presence is reasonable in terms of hydrodynamic streamlining, since the head is the ¢rst line of resistance to water and a smooth surface would be bene¢cial (cf. the smooth heads of many whales and dolphins).
Previous workers (e.g. Lighthill 1975; Taylor 1987; Massare 1988; Alexander 1989; McGowan 1992) have considerably advanced our ideas of ichthyosaur swimming potential, principally from functional interpretations based on body and tail shape. The present paper presents rare anatomical evidence that may extend information supporting the concept of ichthyosaurs as hydrodynamically streamlined animals and as fast swimmers.
